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RIBBED MUSSEL NITROGEN ISOTOPE SIGNATURES REFLECT
NITROGEN SOURCES IN COASTAL SALT MARSHES
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Abstract. The stable nitrogen isotope ratio in tissue of the ribbed mussel (Geukensia
demissa) was investigated as an indicator of the source of nitrogen inputs to coastal salt
marshes. Initially, mussels were fed a diet of *>N-enriched algae in the laboratory to de-
termine how the tissue nitrogen isotope ratio (8'°N) changed with time. Steady-state times
were calculated and found to be size dependent, ranging from 206 to 397 d. This indicated
that mussels are long-term integrators of 8'°N from their diet and may reflect nitrogen inputs
to amarsh. Next, indigenous musselswere collected from 10 marshes with similar hydrology
and geomorphology in Narragansett Bay, Rhode Island, USA, and mussel 85N values were
evaluated as indicators of nitrogen source. Significant positive correlations were observed
between 8'°N in mussel s and the fraction of residential development in the marsh watersheds.
In contrast, mussel isotope ratios showed significant negative correlations with the fraction
of combined agricultural and recreational land use. These correlations suggested that the
mussel nitrogen isotope signature is influenced by nitrogen derived from human activities
in the adjoining marsh watershed. A more detailed examination of these relationships
indicated that land use practices in close proximity to marshes and estuarine characteristics
may also influence the observed nitrogen isotope signature. A simple, empirical model
based on the 10 watersheds was developed to predict mussel 8N from land use charac-
teristics. The predictive ability of the model was tested with datafrom 12 additional marshes
having similar geomorphology as the original 10, but differing in hydrology and mode of
nutrient input. The model showed that ribbed mussel nitrogen isotope signatures may
provide information on the source of nitrogen to coastal areas. This could be of use in
developing general policies or strategies for monitoring and assessing coastal eutrophica-
tion. In addition, the isotopic ratio of mussels is useful as a proxy for watershed land use
practices when assessing ecological responses to nutrient enrichment in coastal marshes.

Key words:  Geukensia demissa; land use characteristics; mussel; nitrogen input indicator; ni-
trogen isotope ratio; ribbed mussel; salt marsh.

INTRODUCTION Linking nitrogen sources from watersheds to coastal
ecosystems would provide important information for
managing eutrophication at both local and regional
scales. Because the nitrogen isotope ratio increases in
afairly predictablefashion asit passes through the food
chain (Minigawa and Wada 1984, Fry 1988), anthro-
pogenic nitrogen inputs can influence the i sotopic com-
position of organisms in an ecosystem. Therefore, the
nitrogen isotope ratio, or signature, of one component
or several biotic components of an ecosystem could be

Widespread increases in the input of anthropogenic
nitrogen to coastal systems have resulted in an overall
increase in the number of ecosystems altered by eu-
trophication, with effects that include changes in bio-
diversity, habitat alterations, and toxic algal blooms
(Erisman et al. 1998). Non-point nutrient sources, es-
pecially nitrogen, contribute significantly to the nutri-
ent enrichment of coastal ecosystems, and identifica-
tion and control of these diffuse inputs is generally
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more difficult than point sources (Carpenter et al.
1998). In addition to ongoing efforts to evaluate the
overall extent of nitrogen enrichment in coastal sys-
tems, there is a recognized need for the development
of indicators of nitrogen source (Cowling et al. 1998,
Erisman et al. 1998, Bricker et al. 1999). Stable nitro-
gen isotope measurements can be used to trace nitrogen
from diffuse, land-based sources to coastal marshes
(McClelland et al. 1997, McClelland and Valiela1998).

Manuscript received 9 June 1999; revised 2 February 2000;
accepted 10 February 2000.

used to characterize inputs to that system.

The best reflection of nitrogen source to an ecosys-
tem may be the isotope ratio of biotic components at
or near the base of the food chain, described by the
3N of an organism common to the systems being com-
pared or studied. However, measuring isotopic ratios
of these organisms can be problematic. Seasonal fluc-
tuations in isotope ratios, as a result of changes in
source and speci es-dependent fractionation make it dif-
ficult to determine an accurate nitrogen isotopic com-
position for primary producers (Cifuentes et al. 1989,
Cabana and Rasmussen 1996, Roelke et al. 1999). For
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example, Hoch et al. (1996) report significant vari-
ability in the distribution of >N among different size
classes of particulate organic nitrogen in aquatic en-
vironments, and there are several reports of variability
inthe 35N of primary producersin estuaries (Cifuentes
et al. 1996, Fourqurean et al. 1997), with differences
ranging up to 3%.. These seasonal fluctuations in base
level isotope ratio make it difficult to determine an
accurate isotopic composition. Difficulties may also
arise when trying to discern nitrogen source from the
isotope ratio of higher level consumers, since food
chains vary in length and complexity (Kling and Fry
1992, Cabana and Rasmussen 1994). Ideally, an or-
ganism low in the food chain which integrates the high-
ly variable 85N of primary producerswould best reflect
the base level nitrogen isotope signal of an ecosystem.

The ribbed mussel, Geukensia demissa, is a filter-
feeding bivalve (i.e., primary consumer) that occupies
a position near the base of the food chain in coastal
ecosystems. Mussels feed on available particulate or-
ganic material (POM) which may be comprised of al-
gae, detritus, and bacteria (Gosner 1971). They are also
important in nutrient flow and cycling within a marsh.
In a typical New England salt marsh, mussels were
found to filter 1.8%X as much particulate nitrogen as
was exported from the marsh by tidal processes, and
~25% of that nitrogen was retained by the mussels and
incorporated into somatic growth or gamete production
(Jordan and Valiela 1982). By processing large amounts
of nitrogen, and because of their relatively low tissue
turnover rates (McMahon 1991), the 3N of ribbed
mussels may be a good indicator of the source of ni-
trogen to an ecosystem.

By retaining nitrogen from primary producers in
their tissues, mussels reflect the stable isotopic com-
position of source nitrogen. The 3N in primary pro-
ducersis determined by the >N of dissolved inorganic
and organic nitrogen assimilated by those organisms
and subsequent alteration of the isotopic composition
by fractionation (Fogel and Cifuentes 1993, Waser et
al. 1998). McClelland and Valiela (1998) have dem-
onstrated that the 35N of particulate organic material
at a given location reflects that of dissolved inorganic
nitrogen (DIN) input to that location. The isotope ratio
of dissolved nitrogen, while determined in part by bi-
ological processes such as denitrification (Fourqurean
et al. 1997, Corbett et al. 1999), can reflect isotopic
variation as a result of anthropogenic activity. Source
nitrogen to a marsh may be enriched or depleted in >N
by dilution with nitrogen altered by anthropogenic pro-
cesses. For example, dissolved nitrogen derived from
synthetic fertilizersis relatively depleted in *N, which
results in 35N values in the range of —3%o t0 +3%o.
In contrast, nitrogen derived from wastewater is rela-
tively enriched in **N, which results in >N valuesin
the range of 10%o. to 20%. (Freyer and Aly 1974, Krei-
tler et al. 1978, Gormley and Spalding 1979, Aravena
et al. 1993).
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We propose that the isotope ratio of ribbed mussels
could provide information about the source of nitrogen
to coastal ecosystems which would be of valueto coast-
al zone managers and regulators in developing general
policies or strategies regarding monitoring and assess-
ment of coastal eutrophication. Assessment and mon-
itoring strategies in the United States have identified
the need to develop indicators of nutrient source to
estuaries (U.S. Environmental Protection Agency 1998,
Bricker et al. 1999). Additionally, isotope signatures
may be useful as a proxy for land use practices when
assessing relationships between ecological effects and
nutrient enrichment in coastal marshes.

In the present study, we investigate the use of ribbed
mussel 3N values as site-specific indicators of the
source of nitrogen input to coastal salt marshes. The
study was conducted in three phases. First, mussels
were exposed to a *N-enriched diet in a laboratory
feeding experiment to quantify the extent and rate at
which the 8N tissue values of mussels reflected that
of their diet. Secondly, indigenous mussel populations
were examined at 10 salt marsh locations of similar
geomorphology and hydrology to determineif 35N val-
ues vary with mussel size and site, and whether the
values changed over time during seasonal sampling.
Sample locations were chosen along a gradient of an-
thropogenic stress described by watershed land use
practices and headwater nitrogen concentrations, and
correlations between marsh watershed land use and iso-
tope ratios were investigated. Finally, we developed a
simple, empirical model using data from the 10 marsh
sites to predict mussel isotope ratio based on watershed
land use characteristics, and tested the model with data
from 12 additional marshes of similar geomorphology
but differing in their hydrology and other physical char-
acteristics.

METHODS
Nitrogen uptake experiment

Mussels collected in late January 1998 from a ref-
erence site in East Sandwich, Massachusetts, were re-
turned to the laboratory and acclimated over a 2-wk
period to 15°C. Mussels were separated into two size
classes: 30 mm” with shell lengths ranging from 28
to 32 mm (initial 3'°N [mean + 1 sg] = 8.0 £ 0.4%o);
and ““50 mm’ with shell lengths ranging from 47 to
55 mm (initial 35N = 8.6 = 0.2%0). The alga Tetra-
selmis (spp.) was cultured under two sets of conditions:
ambient conditions, resulting in a control diet with 35N
values ranging from 0%. to 3%o; and **N-enriched con-
ditions, resulting in an enriched diet with an average
35N value of 43.4 = 0.6%.. Three replicates of each
diet, each consisting of six mussels from each size
class, were placed in gallon jars and exposed to flowing
seawater containing either the control or enriched al-
gae. Algal density was maintained at 20 X 10° cells/L
and added continuously to the sample jars for 16 h out
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Fic. 1. Marsh sampling locations in Narragansett Bay, Rhode Island, USA. For sample site descriptions see Tables 1 and 3.

of each 24-hour period at a rate of 400 X 109 cells/h.
During sampling (O, 3, 7, 14, 28, 42, and 56 d), one
mussel from each size class was removed from each
replicate without replacement. A control treatment for
mussel density was maintained with the same number
of mussels as the treatment jars;, however, this was
sampled only at 0, 28, and 56 d. Comparison of results
between the control and treatment mussels showed no
differences due to the decrease in mussel density in the
samplejars asthe experiment progressed. Musselswere
depurated in filtered seawater for 24 h to clear their
gut contents prior to dissection. Mussel tissue was re-
moved from the shell, dried at 104°C for four hours,
and homogenized using a mortar and pestle. Tissue
nitrogen isotopic composition and percent nitrogen
were determined by continuous flow isotope ratio mass

spectrometry (CF-IRMS), using a Carlo Erba NA 1500
Series || Elemental Analyzer (Carlo Erba Instruments,
Milan, Italy) interfaced to a Micromass Optima Mass
Spectrometer (Micromass, Manchester, UK). The sta-
ble nitrogen isotope ratio (8'°N) is generally expressed
as the ratio of the >N isotope to N in a sample to that
in a reference material (8N = (*N/*Ngppe)/ (*°N/
UNgaaara) — 1 X 1000%0) and is reported in parts per
thousand or per mille (%0) (Mariotti 1983). All samples
were analyzed in duplicate with a typical difference of
~0.1%0. Sample material was re-analyzed periodically
over a period of several months, and exhibited a pre-
cision of +0.30%o, calculated as a single sigma stan-
dard deviation of all replicate values. This latter esti-
mate of precision is appropriate for 3°N values deter-
mined in this study.
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Site selections for marsh sampling

Semi-enclosed sub-estuaries of Narragansett Bay,
Rhode Island, USA, which contained emergent coastal
wetlands and their adjoining watershedswereidentified
using geographic information system (GI S) topograph-
ic databases (Fig. 1). The estuaries and their respective
watersheds were delineated using 15 minute (1:24 000)
scale United States Geological Survey (USGS) topo-
graphic maps. The watershed information was pro-
cessed using the Environmental Systems Research In-
stitute (ESRI) ARC/INFO GI S software package. Ad-

TaBLE 1. Nitrogen isotope values of mussels (5.5-7.5 cm,
n = 6) from the 12 marsh sites in Narragansett Bay, Rhode
Island, USA, used to test the predictive model.

Similar
Marsh site 35 N, %o hydrology? Stream input?
BAK 10.7 £ 0.4 yes yes
COM 115 = 0.2 yes no
GRE 9.0 = 0.3 yes no
MAS 10.9 = 0.3 no yes
MUS 104 £ 0.2 no yes
NAN 10.5 = 0.5 no yes
PET 9.8 = 0.3 no yes
POT 10.6 = 0.4 no yes
SAP 95+ 0.2 yes no
SIL 10.8 £ 0.3 yes yes
WAR 115 = 04 yes no
WIC 10.8 £ 0.2 no yes

Notes: Whether or not the marsh sites have similar hy-
drology (embayment dimensions within the range of the ini-
tial 10 marshes) and similar mode of nitrogen input (stream
input) is also indicated.

Marsh sites are sub-embayments of Narragansett Bay,
Rhode Island: BAK = Bakers Creek; COM = Common Fence
Point; GRE = Great Creek; MAS = Maschachawege Brook;
MUS = Mussachuck Creek; NAN = Nannaquaket Pond; PET
= Pettaguamscutt Cove; POT = Potowomut River; SAP =
Sapaeowet Marsh; SIL = Silver Creek; WAR = Warwick
Cove; WIC = Wickford Cove.

FOX JEN DON FOG BIS APP OLD BRU WAT PAS

centrations measured during the spring, sum-
mer, and fall of 1998, and winter of 1999 at the
marsh sample sites. See Fig. 1 for locations, and
Table 3 for marsh site abbreviations.

ditional geographic information system (GIS) datalay-
ers (e.g., land use and land cover) were obtained from
the Rhode Island Geographic Information System
(RIGIS). We minimized confounding natural variabil-
ity among salt marshes by choosing sub-estuaries in
the main basin with the same geological bedrock (i.e.,
sedimentary rock), and similar hydrology as charac-
terized by average depth, mouth diameter, tidal range,
and volume determined from NOAA National Ocean
Service charts and USGS topographic maps. Each
marsh also had stream input, with measurable nitrate
concentrations (Fig. 2b), which we termed stream ni-
trogen input.

To choose salt marshes along a gradient of low to
high anthropogenic stress, 1995 GIS land use and land
cover data were used to describe land use practices in
the watersheds, and headwater nitrate concentrations
were measured in 1998 and 1999. We were interested
in diffuse nutrient sources so any sub-estuaries in the
group with active point source pollution were elimi-
nated. To narrow down the possible sites to a manage-
able group, 10 sites were chosen which were accessible
for sampling and showed a gradient of low to high
impact based on our results of the watershed land use
(fraction residential development) and headwater ni-
trate concentrations (Figs. 1 and 2). According to 1990
GIS data and information obtained from town public
works departments, three of the 10 marsh watersheds
(OLD, PAS, APP) have nominal (<20%) sewer cov-
erage; in the balance of these and the other seven wa-
tersheds, residential waste is treated in domestic septic
systems. Twelve additional marshes in Narragansett
Bay with similar geological bedrock and absence of
point source nutrient inputs were sampled in order to
test the proposed predictive model (Table 1). Four of
the 12 additional sites (MUS, PET, SIL, WAR) had
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sewer development within their watershed boundaries,
but none exceeded the range of sewer development
reported for the original 10 marshes (<20%).

Sample collections

Eighteen mussels between 10 mm and 110 mm were
collected from each site at the same tidal height (in the
Spartina alterniflora zone) and were transported to the
laboratory on ice where they were depurated in filtered
seawater for 24 h. All 10 marsh sites were sampled at
least twice, during May and August 1998; additionally
the marshes BRU, FOX, PAS, and WAT were sampled
four additional times, during July and October 1998, and
January and April 1999, to assess tempora changes in
nitrogen isotope ratio. Mussels were collected by hand
within a 10 m radius along the marsh bank facing open
water in the Spartina alterniflora zone. Salinity at the
sample sites at the time of sample collection ranged from
27 to 30 g solid per kilograms seawater, except for the
PAS marsh site which showed a salinity of 21 g solid per
kilograms seawater. Following depuration, mussels were
frozen pending dissection and analysis.

Marsh plants and plant litter (Spartina alterniflora)
were collected by hand in March 1999 in close prox-
imity to the mussel sample sites, and prepared for iso-
topic analysis by washing with deionized water and
drying at 65°C. Samples were then homogenized in a
Wiley mill prior to analysis for carbon isotopic com-
position by continuous flow isotope ratio mass spec-
trometry (CF-IRMS), using a Carlo-Erba NA 1500 Se-
ries |1 Elemental Analyzer interfaced to a Micromass
Optima Mass Spectrometer (CE Instruments, Milan,
Italy). Carbon isotopic composition is reported as parts
per thousand deviation (83C%.) from the reference
standard PDB (the fossil belemnite, Belemnitella amer-
icana, from the Peedee formation in South Carolina).
Mussel tissue samples from the 10 marsh sites were
also analyzed for 3%3C%o.

Nitrogen isotope ratio of dissolved inorganic nitro-
gen (DIN) was measured for seven of the 10 marsh
sites by collecting water (0.2-0.4 L) from the head-
water inputs to the marsh sites at the upper edge of the
marsh during March 1999, and extracting the DIN us-
ing a modification of the method of Sigman et al.
(1997). The modification, which is outlined in the orig-
inal method (Sigman et al. 1997), involves adding so-
dium chloride to adjust the water samples to the proper
salinity prior to extraction. The isotope ratio was then
determined on the extracted nitrogen.

Marsh sample sites

Land use correlations.—Correlations between mus-
sel isotope ratios and land use practices were examined
using land use and land cover data classified using a
modified USGS system (Anderson 1976). The original
data was classified into more than 35 categories and,
for the purposes of this study, aggregated into five
broad subcategories: residential; commercial and in-
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Fic. 3. Uptake of **N-enriched diet by two size classes
of mussels in the laboratory feeding experiment.

dustrial; agricultural and recreational; forested; and
wetlands. The GIS data was used to generate the frac-
tion of each category within each watershed.

Predictive model.—A simple, empirical model to
predict mussel isotope ratio based on watershed land
use characteristics was developed from a multiple re-
gression using the fraction residential development and
the fraction of combined agricultural and recreational
land as the independent variables, and mussel nitrogen
isotope ratio as the dependent variable. The model in-
corporated data from the 10 original marsh sites that
were selected based upon similar geomorphology, hy-
drology, and presence of stream nitrogen input. The
resulting model was then tested with mussel isotope
data from 12 additional marsh sites. These sites all had
similar geomorphology to the original 10, but 10 of
these 12 differed either in hydrology or by the absence
of stream input.

Data analysis

Differences in mussel size class nitrogen isotope ra-
tio was tested using a single factor ANOVA with shell
length as the independent variable and isotope ratio as
the dependent variable. Significant differencesbetween
nitrogen isotope ratios from the marsh sampling sites
were determined using a single factor ANOVA with
marsh site as the independent variable and isotope ratio
asthe dependent variable. Correlations between i sotope
ratio and land use characteristics were examined using
multiple regressions between fraction land use (resi-
dential, combined agricultural and recreational) or frac-
tion nitrogen source (wastewater, fertilizer, atmospher-
ic) and isotope ratio. Significant differences were re-
ported at P < 0.05.

REsuULTS
Nitrogen uptake experiment

Mussels fed the >N-enriched algal diet showed an
increase in their nitrogen isotope ratio over time (Fig.
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Fic. 4. Mean mussel 35N of three size classes of mussels
from 10 marsh sites sampled in summer 1998.

3). Thosein the 30 mm size classreflected theincreased
35N diet more rapidly and to a greater extent, increas-
ing from 8.0%0 to 17.1%o, than those in 50 mm size
class, which increased from 8.6%o to 13.4%. (ANCO-
VA, P = 0.004). The standard deviation associated with
3N measurements averaged 0.9%o and 1.0%o, respec-
tively; however, the standard deviation generally in-
creased over the course of the experiment for both size
classes. The average rates of nitrogen assimilation can
be described by relating nitrogen isotope ratio to days
of exposure to an altered diet: for 30 mm,”

3N = 0.19 X (days of exposure) + 8.25%o
(r2=0.93, P = 478 X 104); and for *'50 mm,"’
3N = 0.096 X (days of exposure) + 8.31%o

(r2 =0.97, P = 4.11 X 10°%). Standard errors in the
30 mm estimates are for slope +0.023%. and for in-
tercept +0.68%o; for the 50 mm estimates standard er-
rors were =0.0071%o for slope and =0.21%. for inter-
cept; r2 values are from the data in Fig. 3.

Marsh sample sites

Size considerations.—Mean 3°N values of mussels
collected at the 10 marsh sites during the summer of
1998 are summarized in Fig. 4. Mussels were grouped

TABLE 2. Statistics from the relationship between tissue §°N
during the summer of 1998.

Ecological Applications
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into three size classes; shell lengths 0-55 mm, 5575
mm, and >75 mm. Six of the 10 marsh sites (BRU,
FOX, FOG, JEN, PAS, and WAT) showed a significant
relationship of 3N with shell length (Table 2). The
nitrogen isotope ratio increased at an average rate of
0.02%0 per mm shell length at these six sites. These
results were consistent with those seen at other sam-
pling times in the marshes.

Nitrogen isotope values—Mussel stable nitrogen
isotope values from the 10 marsh sites, derived from
mussels in the 55-75 mm size class, ranged from 9.4%o
for the FOX and FOG sites to 12.1%o. for the BRU site
(Table 3). Significant differenceswere found in average
3N values among sites (ANOVA, P < 0.001). At six
of the 10 sites, 3*°N values are averages from two sam-
pling events, spring and summer 1998. The other four
sites were sampled more extensively to determine any
seasonal changes. |sotope ratios measured at the BRU,
FOX, PAS, and WAT sites showed no significant with-
in-site differences among the six sampling events
(May, Jduly, August, and October 1998, and January
and April 1999; ANOVA, P < 0.001). Nitrogen isotope
values of mussels from the additional 12 marsh sites,
used to test the proposed model, ranged from 9.0%. to
11.5%0 (Table 1). There was no significant difference
in mean percent nitrogen in mussel tissue (9.2 = 0.1%,
with a range of 4.0%).

Nitrogen isotope ratio values of headwater dissolved
inorganic nitrogen measured at seven of the 10 marsh
sites ranged from 4.1%o at JEN to 10.8%o at OLD (Table
3).

Carbon isotope values.—The 33C values of mussels
from the 10 marsh sites had a mean value of —17.6 =
1.5%0 with arange of 2.1%.. The mean 83C values for
marsh plants (Spartina alterniflora) collected from the
10 siteswas —12.9 *= 0.3%0 with arange of 1.3%o., and
for plant litter was —16.1 = 1.3%. with a range of
1.3%eo.

Estuarine dimensions.—The mean depth of the em-
bayments at mean low water was 0.73 = 0.14 m with
a range of 0.35 m, the mean mouth diameter of the
embayments was 183 + 27 m with a range of 65 m,
and the mean tidal range across all sites was 1.28 =
0.11 m with arange of 0.24 m. The estimated volumes
of the embayments, based upon available depth data
and embayment areas determined from GIS data, had
arange of 0.20—4.79 X 10° cubic meters, with a mean
value of 1.92 X 10° cubic meters.

and shell length in mussels collected from the 10 marsh sites

Statistic APP BIS BRU DON FOG FOX JEN OoLD PAS WAT
r2 0.16 0.21 0.58 0.11 0.35 0.21 0.47 0.19 0.30 0.43
P 0.11 0.07 <0.001 0.16 0.01 <0.001 <0.001 0.07 <0.001 <0.001
m 0.012 0.007 0.014 0.006 0.017 0.010 0.012 0.006 0.018 0.022
b 9.9 10.4 11.2 9.4 8.9 8.9 9.4 111 9.8 8.2

Notes: The table reports the coefficient of determination (r?), and associated probability (P) from the analysis; m and b
are the coefficients of the linear relationship described by the equation 3N = m(length) + b.
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TaBLE 3. Nitrogen isotope values of mussels (5.5-7.5 cm,
n = 7-31) and headwater DIN 3**N (n = 1) from 10 marsh
sites in Narragansett Bay, Rhode Island, USA.

Headwater
Marsh site Mussel 35N (%o) DIN 3N (%o)

APP 11.0 = 0.3 7.6
BIS 11.1 = 0.3 7.3
BRU 12.1 + 0.3

DON 10.0 = 0.2 6.2
FOG 9.4+ 04

FOX 9.4+ 04 7.7
JEN 10.0 £ 0.5 4.1
oLD 116 =+ 0.2 10.8
PAS 11.3 + 0.4

BRU 9.9 + 0.5 9.1

Note: Marsh site descriptions: APP = Apponaug Cove; BIS
= Bissel Cove; BRU = Brush Neck Cove; DON = Mary
Donovan Marsh; FOG = Fogland Marsh; FOX = Fox Hill
Salt Marsh; JEN = Jenny Pond; OLD = Old Mill Creek; PAS
= Passeonkquis Cove; WAT = Watchemoket Cove.

Land use correlations.—The relative importance of
land use categories varied among watersheds (Table 4).
These areas are used to derive fractions of each land
usetypeinthewatershed. The average >N valuesfrom
mussels from the 10 marsh sites (Fig. 5) showed a
significant positive correlation with the fraction of res-
idential land use in the marsh watershed (r = 0.72, P
= 0.03), and a significant negative correlation with the
fraction of combined agricultural and recreational land
use (r = —0.75, P = 0.02). Adding the fraction of
combined agricultural and recreational land use to the
fraction of residential land use regression resulted in a
significant increase in the correlation (P = 0.05); the
average 3*°N values from mussels showed a significant
(r = 0.84, P = 0.01) relationship with both the fraction
of residential and fraction of combined agricultural and
recreational land use in the marsh watershed.

Additionally, we were able to obtain several samples
of fertilizers commonly used in agriculture within the
study area. Nitrogen isotope ratios ranged from 0.38%o
to 3.8%o for these materials.

Predictive model.—A simple, empirical model was
developed from multiple regression analysis using the
GIS land use characteristics fraction residential devel-
opment (frac res) and fraction combined agricultural
and recreational (frac ag/rec) land use in the marsh
watershed as independent variables, and marsh ribbed
mussel 3'°N as the dependent variable. Mussel isotope
data from the initial 10 marsh sites (Table 3) resulted
in the relation:

3N e = 1.8 X (frac res) — 3.4 X (frac ag/rec) + 10.4%o

(r2 = 0.71, P = 0.01). The measured 3N values of
mussels from the 12 additional sites (Table 1) is plotted
against the predicted isotope ratio (Fig. 6).
DiscussioN
Nitrogen uptake experiment

Results of the laboratory feeding experiment indicate
that ribbed mussels do reflect the 85N of their diet,
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albeit at different incorporation rates depending on size
class. This observation is probably the result of a dif-
ference in tissue turnover and nutrient assimilation
rates between the faster growing younger mussels and
slower growing older mussels. The time period re-
quired for the laboratory mussels to reach equilibrium
3N values (i.e., reflecting that of their food) can be
estimated if it is assumed that the mussels continue to
assimilate nitrogen at the calculated experimental rate
indicated. The mean algae 3N used in the feeding
experiment was 43.4%.. We expect that the mussels
would eventually reach an isotopic composition of
46.8%o0, which is the isotopic value of the food source
(43.4%0) plus a fractionation effect of 3.4%. which rep-
resents a one trophic level enrichment of the food
source (Minigawa and Wada 1984). Using the 46.8%o
target value, we estimated that musselsin the ‘30 mm”’
size class would reach an equilibrium 8N value in 206
d, while those in the *“50 mm’’ size class would reach
an equilibrium value in 397 d. These results differ from
tissue turnover times under natural conditions, which
have been reported to be on the order of three years
for six-year-old mussels (Hawkins 1985, McMahon
1991). Howeuver, it is clear from this experiment that
mussels do indeed reflect the nitrogen isotopic ratio of
their food, and that the time period required to fully
reflect achangein 85N isgreater than seasonal changes
in the 35N of primary producers which comprise their
diet. From this information we concluded that mussels
act as long-term integrators of the nitrogen isotopic
ratio of their food source, thus providing an overall
average value of short-term intermittent changes (i.e.,
daily, weekly, seasonal) often seen in the 8°N values
of primary producers.

Marsh sample sites

Size considerations.—Data from indigenous mussels
collected from the marsh sites showed a positive linear

TaBLE4. Watershed areas associated with selected Gl Sland
use categories for 10 marsh sites in Narragansett Bay,
Rhode Island, USA.

Agricultural and

Total watershed Residential recreational
Marsh area areat areat
site (m?) (X 1075 (m?) (X 1075 (m?) (X 10-5)
APP 178 74.6 11.3
BIS 229 42.3 10.5
BRU 83.1 48.6 2.79
DON 318 25.7 59.8
FOG 2.96 0.44 1.37
FOX 6.16 0.02 1.73
JEN 4.15 0.17 0.00
OoLD 151 68.0 6.57
PAS 31.4 20.5 1.18
WAT 40.1 22.5 5.60

Note: For marsh site definitions, see Note of Table 3.

T Includes the following GIS land use categories: high den-
sity, medium high density, medium density, medium low den-
sity, and low density residential.

¥ Includes pasture, tillable cropland, and recreational de-
velopment.
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Fic. 5. Correlation of (a) fraction residential and (b) fraction combined agricultural and recreational land use with mussel
nitrogen isotope ratio for the 10 marsh sites. The 95% ci is drawn for each regression. Marsh site abbreviations: BIS =
Bissel Cove, BRU = Brush Neck Cove, FOG = Fogland Marsh, JEN = Jenny Pond, OLD = Old Mill Creek, and WAT =

Watchemoket Cove (see Fig. 1).

relationship between 85N and shell Iength, and hence
age. Thisis most likely a result of some difference in
the manner in which nitrogen isincorporated in mussel
tissue, or perhaps of repeated tissue turnover processes
which result, over time, in the retention of the heavier
isotope of nitrogen in the tissue of mature mussels.
Alternatively, if the smaller, younger mussels were re-
flecting the periodic seasonal fluctuations in the 8N
of primary producers, their isotope values would not
be expected to vary linearly with shell length, but rather
would show both positive and negative variations from
the site average. This type of behavior would be re-
flected in the standard deviation of the 8N values of
the smaller mussels; however, the standard deviations
of the smallest size class mussels were not significantly
larger than those of other size classes (ANOVA, P =
0.62). This result indicates that care must be taken to

sample mussels within a certain range of shell lengths
when comparing isotope ratios between sites.
Nitrogen isotope values.—Nitrogen isotope values
in mussels measured from the 10 marsh sites were sig-
nificantly different and increased along the watershed
gradient from low to high anthropogenic stress upon
the marshes. We suggest that the mussel nitrogen iso-
tope ratio is influenced by the degree of anthropogenic
impact as measured by land use practices and head-
water nutrient concentrations. In addition, the mussel
nitrogen isotope ratio at a marsh is influenced by biota
and biogeochemical processes (e.g., nutrient cycling)
at a particular marsh site. The question arises as to
whether the mussel nitrogen isotope ratio reflects that
of the primary producers which incorporate marsh-de-
rived nutrients, or that of primary producers which in-
corporate marine-derived nutrients, or some portion of
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Fic. 6. Measured vs. predicted mussel 3N values for marsh sites exhibiting (a) similar marsh hydrology and (b) similar
mode of nitrogen input (i.e., stream input) as the original 10 marsh sample sites. Marsh site abbreviations: BAK = Bakers
Creek, COM = Common Fence Point, SIL = Silver Creek, and WAR = Warwick Cove (see Fig. 1).

both sources. The carbon isotope ratio (3°C) may pro-
vide insight into the food source of mussels.

Several studies have linked 3**C with carbon source
and carbon flow in marine ecosystems (Fry 1984, Fry
and Sherr 1984, Boutton 1991). Specifically, differ-
ences in 3'3C have been noted in biota and sediments
from terrestrial, estuarine, and marine environments
(Simenstad and Wissmar 1985, Giorgio and France
1996), and general trends in carbon isotope values have
been described. In the Great Sippewisset Marsh, Mas-
sachusetts, Peterson et al. (1985) report differencesin
the isotope ratios of mussels that have ready access to
Spartina detritus and those with access to marine plank-
ton. Measured 33C values of mussels from our study
fall within the range of salt marsh mussels deriving
carbon primarily from marsh plant sources as described
in Peterson et al. (1985). Our mussel 3°C values also
fall within the range of 8C of marsh derived food
sources from our sites, including marsh plants and plant

litter. These values differ, however, from the 3C of
mussels we collected from a marine location (rocky/
sandy beach area in Buzzards Bay, Massachusetts,
—22.0%0), and which presumably would have access
to marine plankton but limited access to marsh-derived
food (Peterson et al. 1985).

These data suggest that the source of food of mussels
in this study has a land-based or marsh component.
Nutrients and particulate organic material (POM) from
marine waters delivered via tidal exchange undoubt-
edly contribute to some extent to the total nitrogen
available to the mussels (Nixon et al. 1986, Nixon et
al. 1995). However, because of similar estuarine di-
mensions, we assume that tidal exchange is similar for
the 10 Narragansett Bay sites and that water turnover
rates do not vary significantly among the marshes.
Therefore, the marine source of nitrogen in the diet of
mussel s can be considered to be similar acrossthe study
sites.
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Land use correlations—Watershed land use data
was used to derive the fraction residential and the frac-
tion of combined agricultural and recreational land use
within the watersheds. The fractions of these two land
use categories correlate significantly with the mussel
nitrogen isotope ratios from the marshes. Other studies
have indicated that nitrogen derived from these sources
can have distinct isotope compositions. For example,
nitrogen derived from wastewater and altered in iso-
topic composition during transport viagroundwater and
surface waters by volatilization and denitrification pro-
cesses results in 3°N values in the range of 10%o to
20%o (Kreitler et al. 1978, Gormley and Spalding 1979,
Aravena et al. 1993, Macko and Ostrum 1994), while
nitrogen from fertilizer is generally in the range of
—3%o to +3%o (Freyer and Aly 1974). These ranges
were confirmed in the present study by analyzing var-
ious fertilizers.

Based on studies linking nitrogen in primary pro-
ducers to land-derived sources, nitrogen derived from
wastewater would result in a more positive isotopic
ratio, while that from fertilizer would result in a less
positive isotope ratio (McClelland et al. 1997, Mc-
Clelland and Valiela 1998, Aguilar et al. 1999). Our
results confirm this effect, and agree with recent studies
which report asimilar increasein filter feeder 35N with
increasing influx of wastewater-derived nitrogen in es-
tuarine (Yelenik et al. 1996, McClelland et al. 1997,
Fry 1999), and freshwater environments (McKinney et
al. 1999). Correlations with land use practices in the
present study suggest that the nitrogen isotope value
in musselsin amarsh is influenced by nitrogen derived
from anthropogenic activities within the marsh water-
shed.

The nitrogen isotope ratio of dissolved inorganic ni-
trogen (DIN) from marsh headwaters does not signif-
icantly correlate with mussel 3*°N. For this study, 3'>N
of DIN was a single measurement in the spring, and
although care was taken to sample at least 72 h after
any recorded rainfall, stream flow is generally in-
creased in the spring. This may result in a measured
3N that does not reflect solely groundwater nitrogen,
but also other contributions such as atmospheric de-
position. Also, mussel 85N reflects that of marsh pri-
mary consumers, which to some extent fractionate ni-
trogen from DIN. This fractionation has been dem-
onstrated to be highly variable and seasonally depen-
dent (Cabana and Rasmussen 1996, Cifuentes et al.
1996, Roelke et al. 1999). Repeated measurements of
DIN as well as primary producer isotope ratios over
several seasons may be required to establish a direct
relationship between DIN and mussel 3'°N.

The 3N values for mussels at the marsh sites Bissel
Cove (BIS) and Old Mill Cove (OLD) are higher, and
those at Fogland Marsh (FOG) and Watchemoket Cove
(WAT) are lower than predicted by the relationship of
3N with fraction residential land use (Fig. 5a). Both
of these observations suggest that local effects and

Ecological Applications
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marsh characteristics may influence the nitrogen iso-
tope signature. The marsh at FOG borders alarge farm
that is actively involved in potato production, and sur-
face water flow characteristics show that runoff from
this farm impacts the marsh site. The marsh watershed
also contains significant residential development; how-
ever, the farm runoff, presumably influenced by nitro-
gen from fertilizer with its less positive isotopic ratio,
could offset the contribution of the more positive in-
fluence of wastewater-derived nitrogen. Similarly, the
marsh at WAT borders a large municipal golf course
and although the watershed contains extensive resi-
dential development, the marsh is separated from de-
veloped areas by a road and a grass buffer area. The
direct contribution of fertilizer nitrogen from the golf
course coupled with the relatively long distance with
concomitant losses (Valielaet al. 1997) that wastewater
nitrogen would travel before reaching the marsh may
result in a predominance of fertilizer-derived nitrogen
being reflected in the isotopic signature. The marsh at
BlSissurrounded by arelatively large watershed which
shows overall moderate residential development (Fig.
2). However, there is dense residential development
within a 200 m buffer zone immediately adjacent to
the marsh. Previous studies have shown that waste-
water nitrogen derived from septic systems within a
200 m zone can significantly influence estuarine and
marsh environments (McClelland et al. 1997, Valiela
et al. 1997). In this case, wastewater-derived nitrogen
from the immediate proximity of the marsh may be
driving the isotope ratio higher than that predicted by
the overall fraction of residential development in the
watershed. The marsh at OLD is surrounded by older,
high density residential developments, and again shows
dense development within a 200 m buffer of the marsh.
Also, the marsh at OLD is highly impacted by devel-
opment that physically encroaches on the marsh. This
has resulted in a narrow, fringe marsh consisting pri-
marily of low marsh dominated by tall Spartina alter-
niflora with very little high or upland marsh. The lack
of an expansive marsh area and its nitrogen filtering
capacity may result in anthropogenic nitrogen having
a greater influence on the mussel isotopic ratio.
Predictive model.—The model developed with data
from the original 10 sample sites showed varying de-
grees of agreement between predicted and measured
mussel 35N values when tested with data from 12 ad-
ditional marshes (Fig. 6). The two sites (BAK, SIL)
which had similar marsh hydrology and stream nitrogen
input to the original 10 gave the best agreement with
the model as demonstrated by close proximity to the
linewith slope = 1intheplots (Fig. 6). A trend towards
actual values being lower than predicted for marshes
which did not exhibit similar hydrology may be dis-
cerned (Fig. 6b). This may result from the effect of
marsh hydrology on nitrogen residence time. Nitrogen
entering better flushed embayments may be diluted or
removed with the result that less nitrogen is available
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to affect marsh processes and be incorporated into the
food chain. These comparisons indicate that more de-
tailed information on marsh hydrology may have to be
incorporated in order to further refine the model.

CONCLUSIONS

Based on initial laboratory experiments, this study
demonstrates that ribbed mussels act as long-term in-
tegrators of the nitrogen isotopic ratios in their diet,
and therefore, may be used as an indicator of watershed
nitrogen sources to a salt marsh. For comparative pur-
poses, mussels should be sampled at a consistent size
range (i.e., shell length). Based on carbon isotope anal-
ysis, the mussels from our marshes appear to derive a
significant portion of their food from land-based rather
than marine sources. Mussel isotope ratios correlated
with land use practices such as fraction residential de-
velopment and fraction combined agricultural and rec-
reational land, suggesting that the nitrogen isotope sig-
nature is influenced by nitrogen derived from anthro-
pogenic sources such as wastewater and fertilizer.
These correlations provide further evidence that the
marsh resource base (i.e., primary producers) isto some
extent processing nitrogen from land-based sources.
We cannot infer the amount of anthropogenic nitrogen
influencing biota at a marsh site, or the extent to which
that nitrogen is utilized, from mussel isotope values.
However, this study demonstrates that the nitrogen iso-
tope values of mussels from a marsh reflect differences
in the sources of nitrogen to the marsh, information
which may be useful to coastal zone managers in as-
sessing and monitoring coastal eutrophication. Nitro-
gen isotope data may need to be interpreted with cau-
tion, as our results suggest that land use practices in
close proximity to marshes, and characteristics such as
embayment hydrology and nitrogen residence time may
influence the observed isotope values. A simple em-
pirical model demonstrated the potential for predicting
mussel isotope values from land use data for marsh
areas in embayments with similar hydrology, geomor-
phology, and mode of nutrient input. However, further
study is needed to determine if mussel isotope values
and land use data can be effectively incorporated into
a more robust model which can address differencesin
marsh hydrology.
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